We report the results of charge transport studies on single CdTe nanocrystals contacted via evaporated Pd electrodes. Device charging energy, E c , monitored as a function of electrode separation drops suddenly at separations below ~ 55 nm. This drop can be explained by chemical changes induced by the metal electrodes.
Three-terminal electrical measurements can carefully probe the electronic structure of a wide range of mesoscopic systems and nanostructures. 1, 2 This stems from the ability to systematically adjust the energy required to add or remove a charge from a nanoscale object. At low temperatures and in a magnetic field one can also control the quantum or spin level that is being probed. 1 Information obtained in this way provides perhaps the most detailed look into the effects of quantum confinement and dimensional control of semiconductor systems. When we investigate nanostructures in three terminal geometries, however, questions arise regarding the nature of the electrical contacts.
Indeed as we study smaller and smaller nanostructures it becomes increasingly likely that the electrical contacts substantially modify the quantum object under study.
Our interest is in the electrical study of colloidal semiconductor nanocrystals.
Due to their size-dependent optical properties and the ability to introduce them into diverse chemical and biological environments, colloidal dots and rods are one of the most important examples of controlled quantum structure available. 3, 4 This control comes at a price; the solution based preparation as well as complicated surface ligand chemistry makes reliable electrical contacts and reproducible measurements of these structures difficult.
Prior studies of CdSe nanocrystals and nanorods illustrate these difficulties. The nanostructures resist a unified description of quantum confinement effects by both optical and electrical characterization except by the most gentle experimental techniques. For example, scanning tunneling microscopy 5 as well as break junction experiments 6 show a well defined band gap, and are even capable of resolving level structure in sufficiently small nanocrystals. These results can be consistent with energy gaps and level structure observed with optical spectroscopies. 5, 7 However, individual nanocrystal electrical behavior is sensitive to local charge environment, 8, 9 and two terminal measurements must be interpreted with care if comparison to an absolute energy scale is desired. It is more challenging to reconcile the complex charging energy patterns obtained when nanocrystals are instead addressed by lithographically deposited electrodes with the band gaps and level structures obtained by these other methods. 10 To explore the mechanism behind these differences, we present a systematic study of the electrical properties of single semiconductor nanocrystals addressed by lithographically defined electrodes in a three-terminal geometry. Specifically we track variations in nanorod charging energy as a function of electrode spacing for both bare and insulated nanocrystals.
We prepared CdTe nanocrystals as reported previously 11 and deposited them from toluene solutions onto test chips. Nanocrystals were located with respect to predefined alignment markers and we used electron beam lithography to create source and drain contacts (5 nm Cr / 45 nm Pd ). An Au film separated from the device by 10 nm of SiN served as a back gate. A schematic of a single nanocrystal device is shown in Figure 1a .
Electrode separation varied from 30 to 100 nm as measured by scanning electron microscopy (SEM) ( Figure 1b ). All results reported here were measured at 5 K in a Janis (STVP-100) He4 flow cryostat.
We measured source-drain current as a function of source-drain voltage, as well as gate voltage. To visualize the results, we plotted the differential conductance (dI sd /dV sd ) as a function of both V sd and V g (Fig 1c) . This highlights regions of zero conductance, which represent stable single electron charge states on the nanocrystal. 2 The energy to charge an object goes as e 2 /2C, where C is capacitance and proportional to the size of the object.
This confers an inverse relationship between the charging energy and the size of the region to be charged. Simply put, it is the energy required to offset the repulsive forces generated by adding an extra electron to the object. We determine this parameter experimentally. For each device, we measure E c,max =eV sd,max , where V sd,max is the voltage difference between the upper and lower limits of the largest region of zero conductance, outlined by the black line in Figure 1c .
The electrical behavior of the devices falls into two categories. In the first (Figure 1c) we observe evenly spaced, uniform charging energies. These regular coulomb diamonds suggest a single charged object with nearly continuous energy levels. In the second [supporting material], devices exhibit electrical behavior more consistent with multiple tunnel junctions in series viz. higher maximum charging energies, and a jagged profile along the diamond edges. 2, 12 For either case, we expect E c,max to track well with the device dimensions.
We recorded E c,max as a function of electrode separation, L t , on the nanocrystal. In principle it is more accurate to track the volume of nanocrystal between the electrodes, however the SEM resolution limits the determination of significant differences in the nanocrystal diameter, which was ~12 nm for all devices. give way to simple energy spectra of a singly charged zone for shorter electrode spacing, as in Figure 1c , (L t < 55). The drop in E c,max around ~55nm indicates that the interaction zones extend approximately 20-30nm into the nanocrystal. We note that this interface is likely not abrupt, as cartooned in Figure 2 , but a gradient whose sharpness and extent is defined by the chemistry of the electrode and the semiconductor.
The total energy to charge the device is approximately the sum of the individual charging energies of each region. For devices in series, stochastic level alignments lead to fluctuations in E c,max . Fractionally, these can be as high as N -1/2 , where N is the number of zones. 13 This contributes to the observed scatter in our E c,max data.
A second line of evidence that supports the above picture arises when we consider nanorods protected from reaction with the evaporated metal via a thin oxide barrier layer.
We coated test chips of CdTe nanocrystals with a thin 5 nm layer of SiO 2 before depositing the electrodes. This helped distinguish whether the discontinuity in Ecmax was due to a specific chemical interaction of Pd with CdTe at the interface, or rather an electrostatic effect of the device geometry. 14 Figure 2a shows that for the protected nanorods, the charging energy simply increases with decreasing electrode separation, as expected. The trend in E c,max vs. L t is maintained for these SiO 2 -treated devices to the smallest L t achievable in our experiment, with no observed discontinuity. This shows that electrostatic effects and geometry are not responsible for the discontinuity in E c,max .
The non-reactive SiO 2 film arrests the compositional segmentation of the nanocrystal.
The use of thermal deposition techniques to add the SiO 2 layer admits the possibility of pinhole shorts. These allow relatively easy flow of charge carriers despite the thickness of the insulating layer, while still providing some barrier to atomic diffusion.
Experiments are currently underway on more robustly protected nanocrystals.
The results and interpretation we present are consistent with prior studies describing the modification of the composition and electronic structure of bulk semiconductors in contact with metal electrodes. Differential scanning calorimetry has tracked the reactivity of CdTe surfaces with many metals. 15 Consistent with thermodynamic arguments, these reactions occur at temperatures far lower than those required to thermally deposit metal electrodes during conventional lithography. Brillson 16 and others 17,18 showed that bulk metal-CdTe interfaces react to form metal-Cd alloys or metal-Te complexes. These reactions alter the local electronic structure and overall semiconductor device performance. Importantly, unfavored reactions can occur, but are limited to a ~20 nm distance from the interface, 16 a length scale similar to our findings. In fact, surface structure plays a key role in semiconductor reactivity. For example surface stoichiometry, controlled by etching 19 tunes the reactivity of semiconductor surfaces. 15 We note that we expect our nanocrystal surfaces to be quite reactive due to defects, dangling bonds and incomplete ligand coverage. We also note that the diameter of our nanorods is on the same order as the size of a bulk semiconductor surface.
To further confirm that the electrode reacts with the nanocrystal, we tracked changes in core electron binding energies of dense monolayer films of CdTe nanocrystals when Pd is evaporated on top, using X-Ray photoelectron spectroscopy (XPS). We considered films of nanocrystals with, and without a thin layer of Pd (0.8 nm). We compared these to films of nanocrystals protected by a 5 nm SiO 2 barrier both with, and without Pd. Figure 3 summarizes the results. When Pd is deposited directly on the nanocrystal film, we observe shifts to lower binding energy for Cd 3d electrons as well as shifts to higher binding energy for Te 3d electrons. This indicates a chemical change occurs in the nanocrystals only when they are in intimate contact with Pd. This further implies that Cd alloys with Pd, in excellent agreement with previous results 15, 18 . In the case of SiO 2 protected nanocrystal films, we observe little to no shifts in Cd or Te binding energies.
This highlights that shifts in binding energies originate from the interaction of the NC in direct contact with Pd.
Finally, we simultaneously spatially and chemically profiled the reaction zone between the metal electrode and individual nanorods. We cast films of CdTe nanocrystals onto SiN (30 nm) TEM windows. Next, we deposited 50 nm of Pd in 100 nm wide strips. We investigated these samples using a transmission electron microscope (TEM) equipped to analyze energy dispersive x-rays (EDX). We measured line scans of elemental composition for single nanocrystals at the electrode-nanocrystal interface and along the length of the nanocrystal by tracking Kα emission from Pd, Cd and Te. The K lines were used instead of L to insure good separation between these elemental signals, and control samples indicate that we have good discrimination. Figure 4 highlights two representative cases. Figure 4a 
